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INtroduction and overview

reconstruction technigues

background estimation

results and outlook

This talk focuses on searches for resonances with mass > 1 TeV
See talk by Brian Pollack for searches for heavy Higgs (with mass < 1 TeV)




high mass resonances for diboson resonances

are a staple of new physics searches

model interpretations...
extra dimensional models

bulk scenario of RS models; heavy spin-2 graviton or spin-0 radion
decaying mainly to W,Z., H

composite Higgs

heavy vector triplet scenario; heavy spin-1 W’ or Z° decaying mainly to
to WL,ZL, H
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diboson final states

ee, Uy, TT

W Z b
v+qg, ll+aq lv+bb, qqg+bb,
W lvV+QQ, +
q9, aa+aq qg+qq, v+l qqg+TT, qaq+WW(qqqa)
qqg+bb,qq+TT,
7 |+ , +
99, 99+q9 qg+WW(qqqa)
H bb+bb

references: EXO-12-024, EXO-12-025, EXO-12-053, EXO-13-009, EXO-13-007, EXO-14-009, EXO-14-010




searches require new (/ v,9,1,
reconstruction techniques /\\
[v,9,1,
>

mass of X = 500 GeV
ot of W/Z/H < 250 GeV
ARwqq ~ 0.8



searches require new

reconstruction techniques {/ v,9,1,...

/ {,D,q,t,...

W/Z/H

L/ mass of X = 1000 GeV

[v,9,1,... or of W/Z/H < 500 GeV
| CA ARqu ~ 0.4
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merged W/Z — Qg

massive 2-prong jets:
W/Z tagging in CMS Run 1 uses CAS8

jets with pruned mass (7/0-100 GeV)
+ n-subjettiness T12/T1
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Arbitrary scale

merged Z/H — bb
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b tagging in boosted topologies:

subjet b-tagging methods developed by
CMS in Run 1 for Higgs and Z tagging

boosted Higgs mass robust for blb and
WW, mass resolution sufficient to
distinguish from W/Z/t jets



merged H - WW — gqgQqQq

novel method for tagging HWW* using T4/T2
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-CMS \

_ Simulation / \

— [ \

- —— H-bb | \

- —— H->WW'—4q Il \
- H—ct | \\

F e H—gg / \
I H-1t / |

: / \
- 110 <m <135 GeV / \
C / \
- L\
: v

OO

02 04 06 08 1
N-subjettiness ratio T,

H — ThTh tagging

define inputs to traditional T
reconstruction techniques

W/Z discrimination

jet charge 4oy 4o
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takes advantage of subjet techniques
and a mass drop criteria in a fat jet to

EX0-13-009, IME-13-006 e,
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validation of QCD

standard candles

(B@) W .
| eﬁlClenCy measurements

using real boosted W jets

<103 CMS Preliminary, 19.3 fb" at Vs = 8 TeV, W+jets
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fully data driven backgrounds

Highest purity

_CMS,L=19.716"s=8TeV "19.7 fb" (8 TeV)
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Assuming background has smooth shape, look for bump on
top of background shape; simultaneous signal/background fit

no need for background simulation, but only relevant bump hunting on a
smooth background (no kinematic/trigger turn-ons)
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partially data driven backgrounds

CMS Prellmlnary 19.5 fb at E 8 TeV, W— ey HP
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Used for smaller SM backgrounds, (VA IOX=s 11017z (o o=1e <6 (o UIals 5
e.g. WZ = lllv search




results
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analysis split into high and low purity regions

. _CMS,L=19.71b",\s=8TeV . _CMS,L=19.7fb",\s=8TeV
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EX0-13-009

M channel

low purity
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MM channel
high purity
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high purity
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VV upper limits
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all T modes are covered!
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N.B. different signal model, heavy vector triplet

C |V|S Preliminary 19.7 fb (8 TeV)
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HH — bbbl

analysis split into high and low T2/T1 purity regions
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19.7 fb™ (8 TeV)

10E
= | Signal for Ag = 3 TeV Jet1 (Jetz) with HP (HP)
T | —-My=15TeV x 1 & Data
m----M=20TeVx5 — Bokg Fit
1 = Bckg Uncertainty
> i X — HH — bbbb
O,
>~ 10" ' '
5 107 Highest purity
c C
()] L
> L
L
102 =
-3 | ; s
1 O E J J‘; | J{ I ! TR W IS b g
gl 15
Sl e os E
.| & 00F E
c|® -05E =
© -1.0E 3
) 55 ‘ | | | o3
1000 1200 1400 1600 1800 2000 2200

CMS-PAS-EX0-12-053 !

Data - Backg

Events / [GeV]

10

—
Q

1072

OData

C M S Preliminary

19.7 fo" (8 TeV)

= |Signal for Ag = 3 TeV Jet: (Jetz) with LP (HP)
| —-My,=15TeVx 1 —— Data
- |--- M, =20TeVx5 — Bokg Fit

Bckg Uncertainty

15t jet lower purity

X — HH — bbbb

O[T T TIT{TIT T[T T
g I‘\ R

2200
M; [GeV]

7200 1400 1600 1800 2000

C M S Preliminary

“o0-12-055 [P

19.7 o' (8 TeV)

10
= Signal for Az =3 TeV Jet1 (Jet2) with HP (LP)
T | —- My =15TeVx 1 — Data
- |--- M =20TeVx5 — Bokg Fit
1 = Bckg Uncertainty
= R X — HH — bbbb
nd [ [
S 2"% jet lower purity
>~ 107 .
(7} =
- _
C -
o C
> L
L
102 =
10°E
2 155 5
o) 1.0E- 4
@] & 05E 3
| 3 0.05—--——- — =
g0 -05E =
©| -10F =
[a] -1.5E ‘ ‘ ‘ ‘ ‘ . =
1000 1200 1400 1600 1800 2000 2200
M; [GeV]

subjet b-tagging based on 3 highest subjets or 2 fat jet b tags



HH — bbbl

95% CL limit on o(pp— X" — HH) (fb)
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conclusions and outlook

rich program of diboson searches at CMS
broad searches for VV, VH and HH

common techniques used amongst various different analyses
many analyses use jet substructure techniques and subjet b-
tagging to identify highly boosted W,Z,H
similar jet substructure background techniques across the

analyses
W Z H
Iv+qgaq, Il+gq lv+bb, qg+bb,
W lv+Qq, qg+
99, 99+99 qa+qg, v+l qg+Tt, q9+WW(qqqa)
gg+bb,qg+TT,
7 [+ , +
9. 9a+q9 qg+WW(qqqq)
H bb+bb




arbitrary units
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conclusions and outlook

Some mild excesses to keep an eye on for Run 2!

Run 2 will be present new challenges for diboson searches
higher pileup and boost, CMS is prepared!

Pileup Per Particle Id (PUPPI)
keeps substructure observables robust
In high pileup environments

Particle flow improvements keep
substructure robust at very high pT

CMS Simulation Preliminary 13 TeV c 13 TeV
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CMS jet reconstruction in a nutshell

Andreas Hinzmann

Particle flow reconstruction

@ —edon Jet clustering Jet energy fractions
| . Neﬂi?ael Ha(ajr(;zr;éz.gNe'SSZ)n) (antl-kT Or CA)
)),]“ ..... Photon CMS preliminary, L=1.6fb’ (s=8TeV

HCAL

ECAL

Tracker

Tracker
Inl<2.5

ECAL | 5 -4 -3 -2 -1 0 1 2 4 5
In|<3 HCAL Muon |n|<2.4 CMS-DP-2012/012 N

i . |n|<5 ™ i

Particle Flow algorithm benefits from sub-detectors with best spatial+energy resolution

Detector pr-resolution n/P-segmentation

Tracker 0.6% (0.2 GeV) - 5% (500 GeV) 0.002 x 0.003 (first pixel layer)
ECAL 1% (20 GeV) — 0.4% (500 GeV) 0.017 x 0.017 (barrel)
HCAL 30% (30 GeV) — 5% (500 GeV) 0.087 x 0.087 (barrel)
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pT,Y,p + tracking

mMass
4-vector sum of jet constituents

highly sensitive to soft QCD and pileup; grooming can be used to
mitigate these dependencies

shapes

several classes: declustering/reclustering, generalized jet shapes and
energy flow, statistical interpretation (Qjets), jet charge

algorithms
some combination of cuts on mass, shapes, tracking
most typical in top tagging
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Filtering

cluster with

it < R

Trimming

cluster with

it < R

Pruning

veto soft and large
angle recombination

S —

S
min(pTi,pT;)/pTi+j < Zcut =

or dij > reutx2m/pT




groomed mass

CMS Simulation

arbitrary units
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CMS-PAS-HIG-13-008
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Reconstructed vertex multiplicity (NPV)

Grooming tends to push the jet mass scale of the background to
lower values while preserving the hard scale of the heavy

resonance

Grooming techniques are also vital in reducing the pileup
dependence of the jet mass
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Declustering and reclustering

For modern sequential recombination jet algorithms, the jet has a history — a
series of 2-to-1 combinations

examples: mass drop - (mg1/m) , JJd12 - first splitting scale of kT algorithm

Generalized jet shapes

some simple questions: How wide is a jet? How prong-y is a jet? How
asymmetric is a jet? How stable is a jet?

N-subijettiness (tn) [1], how consistent a jet is with having N subjets, ratios
are typically used, e.g. T2/11 for W-jets, 1a3/T2 for top jets

energy correlation functions [2], axis-less version of N-subjettiness
Qjets [3], Exploiting the “guantum” nature of jets
jet charge [4], an oldy but a goody

jet width; pTp; r-cores; planar flow...
[1] Thaler, Van Tilburg, JHEP 1103:015,2011

[2] Larkoski, Salam, Thaler, arXiv:1305.0007
[3] Ellis et al., PRL 108, 182003 (2012)
[4] Krohn et al., Phys. Rev. Lett. 110 (2013) 21200




example: N-subjettiness

generalizing subjets...
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J. Thaler, K. Van Tilburg, arXiv:1011.2268

N-subjettiness: a measure of how consistent a jet is with having N subijets, Tn

1 .
™ = 3o > premin{ARy, ARy, -+ ,ARNy}
k
- _ CITVISl Pl:eli!nirl!al;y §in]|ula?tic[)n,I \1§1= ? Ttl.eV,1 W:l-je]ts
As TNy = 0, jet is more consistent ks U X -» W, W,, Pythiaé
with having N subjets B | mo<p <0Gy —— +<PU>=22ssim. ]
+—= 0.3 m<4 +<PU> =12 + sim.
%’ S — Wa+jets, MG+Pythiaé -
' ' —— +<PU>=22 +sim. |
e.g. 12 - 0, more |.Ike aW jet | s g
e.g. T1 = 0, more like a quark jet = 021 )
S
. . S
Ratios are typically used: Z 1
T2/T4 for separating W jets from _
quark and gluon jets !
0




shapes for boosted objects

beware the correlations!

pruned mass cut

Normalized Distribution

Normalized Distribution

mass drop
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Qjet volatility
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Normalized Distribution

Normalized Distribution

CMS PAS JME-13-006
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W+jet 8 TeV Dijets 8 TeV
2 1 T T T T [ T T 1 3) {———
5 CMS | 5 | nlo CMS
1'_ | Simuiation | ,  Iml<24 Simulation
0.8 R e ) - i -
- CAR=08 . . il 0.95- .x,‘
| 250 <p, <350 GeV ] | 60 <mje, <100 GeV ’
06— ml<2.4 ] . ® Only mj, selection
60 < Mgy < 100 GeV . - [ 'tz/ T, < 0.5
B 7 0.9 T,/ 1, scan
~ == MLP neural network . B
04— === Naive Bayes classifier B
I ] W, 400 < p_< 600 GeV
i T gjer N <PU> =22
02 1,/T, N0 axes optimization - — W,
R - C, (B=1.7 L Gluon
| —— Mass drop - T W ®
I Jet charge (x = 1.00 W* \ - 1 | l |
01||||||||1||||||||| og—+—+—1 e
0 02 04 06 08 1 Eb 02 04 06 08
e € .
sig sig
Tagger BR(W/Z/H->xx) | Efficiency (W/Z/H) | Mistag rate (g/g-jets)
W/Z(qq)-tagger 70% / 68% 35% 1.2%
H(bb)-tagger 57% 35% 0.5%
H(WW->qqqq)-tagger | 10% 35% 1.5%
H(tT)-tagger 6% 35% 0.03%
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CMS Preliminary, 19.5 fb"' at /s =8 TeV, W— uv
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